The noise of continuous-wave-pumped broadband continua generated in a holey fiber is characterized in two different all-fiber configurations. An amplified spontaneous emission seeded ytterbium-doped fiber source and fiber Bragg grating based Yb laser were employed to initiate Raman-soliton continuum generation in 100 m of anomalously dispersive holey fiber with spectral width of 300 nm and spectral power density over 10 mW / nm. Low noise operation makes these sources suitable for optical coherence tomography applications. Broadband continuum generation in fibers has the potential for a number of applications, among which is optical coherence tomography (OCT) imaging.
Broadband continuum generation in fibers has the potential for a number of applications, among which is optical coherence tomography (OCT) imaging. 1 The fundamental requirements for light sources which can be used for OCT are (i) average optical power of hundreds of milliwatts centered at the OCT wavelengths in the near infrared, to provide low scattering and good penetration of light in tissue; the deepest penetration has been achieved at wavelengths between 1200 and 1800 nm; 2 (ii) short temporal coherence length; this is required to provide the axial resolution of the OCT scanner and leads to the need of broad, 100-300 nm bandwidth sources; (iii) Gaussian spectral profile to prevent tails in the axial point spread function; such tails lead to loss of resolution when imaging weak reflections positioned close to the strong ones in the samples; (iv) low (under 5 -6 dB) excess noise of the sources, to achieve shot noise limited detection/ sensitivity in OCT; this cannot be realized with femtosecond OCT sources.
A recently demonstrated approach to broad continuum generation in holey fibers (HF) pumped with short-pulse laser sources revealed that self-phase modulation initiated continuum generation in the 1 -1.5 m wavelength range does have the potential for application in optical coherence tomography (OCT) imaging 3, 4 but suffers from low ͑ϳ1 mW͒ optical power in the vicinity of the required OCT wavelengths 1 and, more important, may experience over 50% in amplitude excessive temporal instability including dramatic relative intensity noise fluctuations; 5 Raman initiated generation, on the other hand, can offer significant excess noise reduction. Recently, we demonstrated the feasibility of an all-fiber, high spectral power density cw Raman-soliton continuum generation in HF 6 but no experimental characterization of the noise or coherence characteristics of such a source has been performed to date.
Here we compare two cw-pumped configurations, which allowed us to generate ϳ300 nm wide, up to 5.5 W, cw continua. In the first configuration, we used an Yb master oscillator pumped fiber amplifier (MOPFA) source seeded with an amplified spontaneous emission (ASE) signal, whereas in the second, a fiber grating based commercial ytterbium-doped fiber laser (YDFL) was employed. The analysis of the noise characteristics showed that near detection-noise-floor operation with MOPFA-type cw pumping is possible and may be suitable for unbalanced OCT configurations, while the YDFL-based cw continuum sources can be used with traditional, balanced-detection OCT systems. Figure 1 shows the experimental configurations of the all-fiber continuum source with the two different cw pump sources. The seeded amplifier pump (pump 1) consisted of an ASE source (unseeded, low power Yb-doped fiber amplifier-YDFA) that was spectrally filtered by using a 1 nm [full width at half maximum (FWHM)] bandpass filter, and then amplified in a 15 W single-mode YDFA. As the filter had some polarization-dependent loss and, therefore, acted as polarizer, a polarization controller was included in the setup. The second pump source used (pump 2) was a cw, 10 W YDFL (IPG Photonics) with a FWHM linewidth of ϳ0.8 nm and unpolarized output. In each of the setups, the fiber output of the pump was directly spliced to a 100 m HF with a core diameter of 2.3 m and an estimated effective area of ϳ7 m 2 . The HF had zero dispersion at wavelengths of ϳ0.9 and 1.7 m and estimated 1.06 m dispersion of ϳ30 ps/ nm/ km. In the 1.0-1.2 m range, the HF attenuation was nearly constant with a value of ϳ15 dB/ km, while stronger attenuation peaks of ϳ38 and 1070 dB/ km were present at 1.25 and 1.38 m, respectively. The temporal characteristics of the continuum at the HF output were analyzed using an autocorrelator (for soliton structure analysis), optical spectrum analyzer, and 50 GHz detector with a rf spectrum analyzer (for rf noise measurements). Noise measurements of the continuum were performed after the unde- APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 14wavelength-division multiplexing (WDM) coupler to about 10% of the total continuum output power. The noise characterization was performed with the rf spectrum analyzer by taking relative noise measurements and normalizing these to the square of the power at the optical input of the fast optical detector. The measured levels were then cross-calibrated with a second rf spectrum analyzer with higher absolute accuracy. Results shown in the following were obtained with optical powers of −4.9 dBm at the input of the 50 GHz detector, and for a detector sensitivity of 0.9 A / W. Figure 2 shows the continuum spectra generated with the two experimental configurations. The cw pump power launched in the HF was ϳ9.2 W in both cases. The resulting spectra are similar both in terms of bandwidth and profile. The high attenuation peak at 1.38 m in the HF, related to the water absorption, limited the effective length of Raman interaction 6 and prevented further extension of the continuum toward longer wavelengths resulting in a sharp spectral cut-off edge at about 1.37 m. Both continua had a 3 dB spectral flatness in the 1.12-1.33 m range and a 10 dB flatness within 1.09-1.37 m range. The maximum total output powers of 5.5 and 5.6 W were recorded, with ϳ40% and ϳ48% of the spectral power of the output in the wavelength range above 1.09 m, with pump 1 and pump 2, respectively. This corresponded to spectral power densities of 7.9 and 9.6 mW/ nm which are at least 5 ϫ 10 2 times higher than those obtained with femtosecond-pulse pumped HFs.
1
The high output powers allowed us to apply passive filtering techniques and to bring the spectral shape of the continuum close to Gaussian by using an optical fiber WDM coupler. The resulting spectrum obtained with pump 2 is shown on the linear scale in the inset of Fig. 2 . The power of the shaped continuum was ϳ750 mW and the FWHM bandwidth was ϳ140 nm.
The measurements made with a second-harmonic generation autocorrelator are shown in Fig. 3 for five different wavelengths within the continuum spectrum. In this case, pump 1 was employed. The autocorrelation traces confirm that the cw pumped continuum consists of a set of solitons continuously spread over the generated spectral range. The solitons with durations decreasing from 950 to 550 fs can be well resolved in the spectral range from 1.15 to 1.32 m. At shorter wavelengths, for example at 1060 nm, the autocorrelation trace reveals only a coherence spike with characteristic 2 : 1 peak-to-pedestal ratio, indicating that components close to the pump wavelength remain largely cw at the output of the HF. This confirms that the continuum generation mechanism is a soliton formation with subsequent soliton selfRaman frequency shift. 7 The relative intensity noise of the continua was measured in the 0.5-7.0 MHz range which overlaps with a typical demodulation range used in OCT scanners. As can be seen from Fig. 4 , with the use of the pump 2 a rf spectral modulation was observed with characteristic peak spacing of ϳ1.5 and 200 MHz (the inset, Fig. 4) . The noise corresponding to these peaks was also detected at the output of the pump 2 alone and directly relates to the mode beats inside the fiber cavity of the YDFL pump. As expected, 8 this noise experiences nonlinear amplification in the HF and the rf amplitude noise pattern gets transferred to the generated continuum. In our case, the pump noise experienced a ϳ10 dB gain in the HF (inset , Fig 4) . This value is substantially lower than that observed by using femtosecond-pulse pumping of holey fibers for similar width continuum generation 8 and is due to the lower ͑9.2 W͒ pump power used here as compared to the peak power of the femtosecond laser ͑ϳ4 kW͒. The improvement also relates to the major role of the Raman nonlinearity in continuum generation when cw pumping is employed. In contrast, with femtosecond pumping and kilowatt level peak powers, the Kerr nonlinearity plays the major role and self-phase modulation and four-wave mixing provide strong nonlinear amplification of the quantum noise in the very first centimeters of the pumped holey fiber. 5 Even with the amplitude noise coming from pump 2, cw pumping in our case allowed one to keep the amplitude noise level of the generated continuum about 30-40 dB below the level typical for femtosecond pulse pumping of HF. The noise 4. (a) rf spectra of the continuum with pump 1 (thin) and pump 2 (bold) employed. Insert: rf amplitude noise of the pump 2 output (thin) and of the continuum generated with pump 2 (bold). (b) rf spectrum of the continuum generated with ASE seeded, pump 1 together with the detection system noise floor.
level of the cw pumped continuum (pump 2) remained below −135 dBm/ Hz in the measured frequency range and should make such all-fiber based, simple broadband sources an attractive replacement for femtosecond broadband source used to-date in OCT.
Significantly improved noise characteristics were obtained with the low-noise pump 1. A high power continuum with a flat, low-amplitude, white-type amplitude noise throughout the entire span of the rf spectrum analyzer ͑0.1 MHz-2 GHz͒ was generated. Because of the proximity to the noise floor of the detecting system, we used averaging of multiple traces of the rf noise of the continuum. As a result, the noise value of −150 dBm/ Hz was deduced and an insignificant monotonous rise of the noise level (+0.2 dB per MHz) throughout 0.1 MHz-7 MHz range was recorded [ Fig. 4(b) ]. Neither resonant features nor peaks were observed in the amplitude noise spectrum of this continuum. The use of an ASE based fiber pump 1 for continuum generation in HF, therefore, presents additional advantages for low-noise OCT, and may be used even in unbalanced OCT configurations.
It is worth noting that one of the mechanisms responsible for the break-up of cw radiation into solitons is modulational instability (MI). In our case, the rf peak corresponding to the frequency separation of pump and MI gain peak is located in the hundreds of gigahertz band and therefore cannot be detected with the 2 GHz rf analyzer we used. Furthermore, noise performance in this high frequency range is largely irrelevant for OCT applications.
In conclusion, two all-fiber format continuum broadband sources with spectra in the 1.05-1.38 m range and output powers in excess of 5 W were demonstrated by cw pumping a holey fiber with single-mode Yb fiber sources. We showed that such cw pumped continua are initiated due to the Raman nonlinearity of the fiber and soliton formation along with soliton self-frequency shift. The use of Raman assisted continuum generation allowed one to achieve −135 and −150 dBm/ Hz amplitude noise levels with a standard and ASE seeded Yb fiber pumps. These noise levels are 30-50 dB lower compared to the noise performance of broadband sources pumped with femtosecond lasers. The demonstration of this low noise level performance is poised to make a significant impact on development of low-noise scanners for OCT applications. 
